ABSTRACT: This paper presents the development of a multi-scale simulation process for modeling the response of a vehicle with composite armor to the blast loads from an explosive threat. The new process can be used for improving the blast resistant capabilities of the composite armor by configuring its properties at the micro-level. A Blast Event Simulation system (BEST) that facilitates the easy use of LS-DYNA or ABAQUS for conducting a complete sequence of explosive simulations and the inclusion of Anthropometric Test Device (ATD) comprises one of the two main foundation components of the new development. The Micromechanics Analysis Code (MAC) developed by NASA Glenn comprises the second main foundation component. Details from a validation study of BEST associated with the response of a generic structure and an ATD placed inside it to an explosion are discussed.
Introduction and problem statement
The design of vehicles to resist a blast and provide protection to the vehicle and its occupants is of great interest. New combat vehicle designs emphasize weight reduction for increased fuel efficiency and airborne transportation; therefore, a significant effort must be invested to ensure that the vehicle's survivability is not compromised. Currently combat vehicles are subjected to blasts from explosive threats. The recent wars in Iraq and Afghanistan have underlined the importance for increasing the protection of a vehicle's occupant to explosions. In addition to the loss of life, either traumatic brain injuries or extremities injuries have been observed [Fischer, 2009; Galarneau et al, 2006 ]. Weight reduction and high level of survivability are mutually competing objectives.
Therefore, significant effort must be invested in order to ensure that the vehicle's survivability is not compromised.
Composite materials provide some of the most viable options for manufacturing composite armor that can increase survivability without a significant weight penalty. In this paper a new multi-scale simulation process for modeling the response of composite armor to explosive threats is presented. The development is based on integrating capabilities of the BEST and the MAC software. It enables configuring the composite at the matrix-fiber level for increased blast resistance.
In the past, several efforts have been made for modeling explosions and their effect on structures [Gupta, 1999; Bird, 2001; Gupta, 2002; Sun et al, 2006] . Empirical loading models have been developed for predicting the effects of blast mines on structures. Empirical blast loading functions were implemented in the CONWEP code [Kingery and Bulmarsh, 1984] for modeling the free air detonation of a spherical charge. Another empirical relationship was developed for predicting the impulse applied by a buried mine to a plate at a given offset from the mine [Westine et al, 1985] . Both empirical models were integrated with the LS-DYNA commercial code. The CTH hydrocode [McGlaun et al, 1990; Bell and Hertel, 1994] has been developed by Sandia National Laboratories and utilized for blast event simulations in multiple occasions [Gupta, 1999; Gupta, 2002; Gupta et al, 1987 ; Gupta et al 1989, Joachin et al, 1999] for modeling blast events. The BEST process for conducting a complete analysis for the explosive/ soil/ vehicle/ occupant interaction has been presented along with validation through comparison to test data (Reference [15] , [26] ). BEST is utilized in this paper for evaluating the loads from the explosion on the structure and for preparing the LS-DYNA or ABAQUS computations for the vehicle structure.
A micromechanical method of cells, for the analysis of fibrous composites with periodic structure, was developed and verified [Aboudi, 1989; Aboudi, 1991] . Analysis of composites using the Generalized Method of UNCLASSIFIED Cells (GMC) was developed for modeling of multiphase periodic composites. Effective constitutive laws that govern overall behavior of the elastic-viscoplastic composite material were established [Paley and Aboudi, 1992; Aboudi, 1995] . The GMC theory was reformulated for maximum computational efficiency [Bednarcyk and Pindera, 1999;  Bednarcyk and Pindera, 2000] and the Integrated multi-scale Micromechanics Analysis Code (ImMAC) was developed by NASA Glenn Research Center. This includes the Micromechanics Analysis Code (MAC) with the generalized method of cells that analyzes the thermo-inelastic behavior of composite materials and laminates [Bednarcyk and Pindera, 2002] . The Explicit solver of ABAQUS is coupled with the MAC code, enabling multiscale computing from the micro level to the global level. A major advantage of this integrate multi-scale simulation process is that it allows propagating information from the constitutive micro-level like fiber failures, matrix damage, inelasticity, interfacial debonding to the global structural response level. The MAC and the ABAQUS codes exchange information through the homogenization and localization simulation processes. During the homogenization process, the MAC code determines the material response at the integration points within each ABAQUS element. In essence, MAC operates as a nonlinear constitutive model within ABAQUS, representing the heterogeneous material. In reverse, during the localization process, local stress and strains computed by ABAQUS from incrementally applied loading are applied to the MAC for obtaining updated effective material properties In this paper, through the BEST synthesis tool, the Eulerian solver of LS-DYNA is employed for simulating the soil -explosive -air interaction and calculating accurately the loads on a target structure.
Sequentially, the LS-DYNA Langragian solver or the ABAQUS solver coupled with the MAC code is used for computing the corresponding response of a target structure to the loads from the explosion. A major advantage of utilizing the LS-DYNA and ABAQUS solvers for blast event simulations instead of CTH is that LS-DYNA and ABAQUS are commercially readily accessible codes, have a friendly user interface, can exchange data with commercial pre and post processors, it is easy to interpret the structure of the data files, and numerical models for an ATD can be readily integrated in the simulation as part of the vehicle finite element model.
The BEST is a synthesis tool with built-in knowledge for preparing the various data files required for conducting the blast simulation and ADT analysis. BEST provides a series of templates that guide the user in developing the necessary models for the blast event simulations. A capability has been developed for automatically creating the Eulerian finite element model for the air, the soil, and the explosive, given the structural finite element model for the vehicle. An occupant model of an ATD can be introduced inside the vehicle model, if desired. The effect of moisture in the soil properties is considered during the generation of the soil -explosive -air model used by the Eulerian solver. Tracers are defined in the Eulerian model for all structural finite elements which are on the outer part of the vehicle structure and are subjected to the load from the blast. The data for the pressure load from the explosion comprise the loading for the structural response of the target structure. A methodology has also been developed for using the pressure information from the explosion for assigning appropriate velocity and trajectories to projectiles and fragments that are part of the explosive threat. The projectiles are considered along with the blast pressure load to hit the structure and the response of the structure to the combined loads can be computed.
The BEST simulation process was first validated through comparison with test data available in the literature [Bergeron et al, 1998; Williams and McClennan, 2002] (Reference [15] ). Further validation of the BEST process is presented in this paper by analyzing a generic target structure with a V shaped double bottom subjected to a load from an explosion and comparing the results to test data. A Hybrid III ATD is placed inside the structure. A test was conducted for this configuration. Results from the BEST simulation process were compared successfully with test data for the deformation of the structure and for the loads developed in the lower legs of the occupant (Figure 2 ).
The algorithm and the process utilized for coupling the ABAQUS and MAC codes is discussed. The coupling can be done either in a fully coupled mode or as an one-way-coupling. In the former, at each iteration of each time step, information about the strain field at each integration point of each element is communicated from ABAQUS to MAC. In return, the MAC code computes the constitutive properties and provides their updated values to ABAQUS. In the latter, the MAC code is used for computing the constitutive material properties (assuming no deformation) and provides them as input to the ABAQUS analysis. In order to demonstrate the type of results obtained by the two coupling approaches a generic target structure with a V shaped outer bottom, subjected to a load from an explosion is analyzed by the one-way-coupling approach and by the fully coupled method. When the oneway-coupling approach is used both the LS-DYNA and the ABAQUS solvers are employed for conducting the vehicle analysis. The fully coupled analysis is conducted using only the ABAQUS solver since the fully coupled mode of operation is only available between MAC and ABAQUS. Further a case study associated with the analysis of a generic all metal structure and a metal-composite structure is presented. It is demonstrated that the new simulation approach can determine a matrix-fiber configuration and the orientation of the laminates at the microlevel in order to maximize the protection offered by the composite armor while reducing the weight. Figure 3 presents the general engineering drawings for the structure. Armox 370H armor steel with 15mm thickness is used for the entire outer V-shaped bottom structure, while 10mm construction steel is used for the inner bottom and all other panels. Several comparisons between simulation results and test data were made. The strains were measured at three locations (one out of the four strain gages failed) along the middle of the outer V-shaped bottom. Figure 6 presents the locations of the strain gages and the comparison between test and simulations. Overall good correlation is observed, particularly for the strain gage placed in the middle of the bottom structure, where the highest strain values are encountered. The simulation results cannot capture a large compressive strain which is encountered very early in the test time histories. The measured strains originate from a combination of in-plane compressive deformation and out-of-plane bending deformation. It is assessed that the high compressive strains which appear early in the test results originate from the high speed compressive wave which reaches the strain gages early in the process, while the remaining strains which are captured correctly from the simulations correspond to the bending deformation of the bottom structure.
The displacement time histories in the middle of the inner floor structure and in the middle of the outer V-shaped bottom structure were also measured using high speed cameras. The placement of the cameras and the correlation between simulation results and test is presented in Figure 7 . Very good correlation is observed for both the outer bottom structure and the inner floor structure. The high speed camera measuring the displacement on the outer bottom structure failed after the initial part of the measurements, but likely the early stage was recorded when the high response is exhibited. Permanent deformation is induced in the outer bottom structure in both test and simulation, while the inner floor remains within the elastic region in both measurements and simulation. The permanent deformation induced on one of the two sections of the V-shaped outer bottom structure is measured and compared to the simulation results in Figure 8 . Since the structure is symmetric and a symmetric explosive was placed at the plane of symmetry, the results are the same for the two sections of the outer bottom structure. Very good correlation is observed for the deformation pattern between the test and the simulations. The comparison for the maximum permanent deformation encountered in the bottom structure is also very good. Figure 11 . The good correlation which is observed in Figure 11 further demonstrates the feasibility of using BEST simulation technology for modeling the response of a vehicle's occupant to a blast. Basic theory of the Generalized Method of Cells (GMC), forms the foundation of MAC code. This information is discussed in detail in reference [20] and briefly presented here. The GMC is considering a repeating volume-element of a multiphase unidirectional fibrous composite with a periodic structure as the one depicted in Figure 12 -(a). This typical repeating volume-element consists of N β * N λ sub-cells and each of these sub-cells is occupied by an elastic-viscoplastic material as Figure. 12-(b) . The equivalent continuum medium in which the repeating volume element is represented by the point P as Figure 12 -(c) and representative volume element consists of different elastic-viscoplastic materials, i.e., it represents a multiphase inelastic composite material.
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Composite possesses a periodic structure that a representative repeating volume element from reference [20] .
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The micromechanical analysis starts by placing a repeating volume element of the periodic multiphase composite, in sequence macroscopic average stresses and strains are defined from the microscopic average stresses.
The rate of displacements and tractions continuity conditions at the interfaces between constituents are imposed to eliminate the micro-variables and with micro-equilibrium, the relationship between microscopic strains and macroscopic strains are established through the relevant concentration tensors. Finally a set of continuum equations that model the overall macroscopic behavior of the composite are determined.
The outlined four steps form the basis of micro-to-macromechanics analyses which describe the behavior of heterogeneous media. The resulting micromechanical analysis establishes the overall elastoplastic behavior of the multiphase inelastic composite. This is expressed as an effective elastic-plastic constitutive relation between the average stress, strain, and plastic strain, in conjunction with the effective elastic stiffness tensor B*. [Suquet, 1985;  Paley and Aboudi, 1992]
where the effective elastic stiffness tensor B* is defined by
where h is the sub-cell height, l is the sub-cell length, C (βγ) is the elastic stiffness tensor of material in each sub-cell.
The composite plastic strain-rate tensor for two repeating sub-cells is defined by 11  22  33  23  13  12 ( , , ,2 ,2 ,2 )
where P S  represents the plastic strain-rates vector of the sub-cells. The concentration matrices A and A P are defined as:
where matrix A M represents elastic properties of the material at the sub-cell level, matrix A G represents geometrical properties of the repeating-cell and matrix J represents interfacial properties of two repeating-cells.
The GMC theories implemented within MAC code were reformulated for maximum computational efficiency and for considering deformation history, loading path and loading rate. [Bednarcyk and Pindera, 1999] The ABAQUS code can be used in two modules of operation, Standard (Implicit) and Explicit. In the The formatted frame capacitates to propagate local phenomena of composites, like fiber failures, matrix damage, interfacial debonding, throughout the structural response. This fully coupled multi-scale simulation frame will be used for analyzing blast events.
Result of multi-scale simulation case study
A target structure similar to the one used in the experimental validation presented in Section 2 is used for the case study work presented in this Section. The target structure is comprised of a box with a V shaped outer bottom. The numerical finite element model which is used in the simulations is presented in Figure 15 . The dimensions of the box are 2m x 2m x 1.8m (1.8m is height), the floor of the box is 0.8m above ground and the tip of the V shaped outer bottom is 0.5m above ground. The roof and four lateral walls have thickness of 0.01m, the inner floor has thickness of 0.02m and the outer V shaped bottom has thickness of 0.03m. The BEST simulation process is used for conducting the Eulerian analysis for the explosive and the air which surrounds the target structure. During this simulation the interface between the vehicle and the air is considered as a rigid boundary. The Eulerian simulation computes the pressure time histories at a number of tracer points placed at the interface between each structural element and the air. During the Eulerian analysis, the interaction between the explosive, the soil and the air is computed and the load histories applied on the structure due to the explosion are computed. The BEST process also has the capability to include a user defined number of projectiles as part of the explosive threat (Reference [26] ). Table 1 & 2. The number, the relative orientation and the thickness of the layers that comprise the composite laminate material are also summarized in Table 1 . Two simulations are conducted by using the one-way coupling approach. The MAC code is used first for computing the equivalent material properties which correspond to zero levels of strain ( Table 2 ). The LS-DYNA Lagrangian solver and the ABAQUS Explicit solver are then used for computing the response of the structure. The third solution is obtained by using the fully coupled MAC-ABAQUS explicit solution. The purpose of this analysis is to make certain that all three solutions give comparable results.
The pressure load time histories, computed by the BEST process, comprise the loading for all three structural analyses. Figure 16 presents typical load histories and the flow chart of the process that generate the loads for the structural analysis. Typical results computed by the LS DYNA and the ABAQUS solvers using the equivalent material properties, summarized in Table 2 , are presented in Figure 17 -(a) and 17-(b) respectively.
Results from the fully coupled MAC-ABAQUS simulation are also presented in Figure 17 -(c). 
As it can be observed all three solutions produce comparable results. A similar tendency is demonstrated in the outer bottom response from all three solutions. Two valleys are created on either side with respect to the plane of symmetry along the y-direction and two peaks are created on both sides with respect to the plane of symmetry along the x-direction. For comparison, the vertical (z-displacement) of the center node and two valley points is presented in Figure 18 from the three analyses. The results of the comparison demonstrate almost identical values since element failure was not reached slightly larger z-displacement is encountered in the fully coupled MAC-ABAQUS simulation since effective material properties were updated continuously during calculation. The good agreement which is observed in the results summarized in Table 3 demonstrates the proper implementation and development of the fully coupled MAC-ABAQUS simulation capability. In order to demonstrate how the new multi-scale modeling methodology can be used for configuring light weight blast resistant armor, the target structure analyzed in the previous section is subjected to the combined load Table 4 . The maximum deformation encountered in the composite outer floor is smaller compared to the steel structure (0.2348m vs 0.3279m). The overall deformation encountered in the two structures is presented in Figure 19 .
Further, the maximum displacement encountered in the middle of the inner floor is 4.289e-2m for the steel structure and 5.004e-3 for the composite. Thus, improved blast resistance characteristics are observed by the composite structure while the weight of the overall structure is reduced. This case study demonstrates how the multi-scale simulation can be used for configuring blast resistant light weight structures. 
Conclusions
In this paper, a multi-scale approach for simulating blast events is presented and demonstrated. Readily available finite element solvers are combined to simulate the explosion of a buried explosive charge, the propagation of the shock wave through the soil and the air, the load from the shock wave on a target structure, and the response of the structure to the shock load. Since the ultimate objective is to design a vehicle with the safety of the occupants in mind, an ATD finite element model can be included as part of the vehicle finite element model in the simulations.
Based on comparisons with test data, an ATD model can capture well the loads developed in the legs of an occupant during an explosion. Once confidence is established in the ability to conduct blast event simulations, multi-scale modeling for composites is integrated in the blast event simulations for inducing constitutive material properties of composites in the analysis and propagating information from the micro cell level to global structural level. The case study presented in this paper demonstrates how the multi-scale simulation capability allows using the composition of the composite and the layer arrangement of the composites for configuring composite structures exhibiting blast resistant characteristics similar to a steel structure, but at a reduced weight.
